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Abstract Marine environments are very aggressive
to concrete, mainly due to the presence of chlorides
and sulphates. The influence of sulphates on chloride
penetration in mortars was investigated by immersion
in combined test solutions containing 165 g/l NaCl
and 33.8 g/l SO4
2- (as MgSO4 or Na2SO4) at
temperatures of 5, 20 and 35 C. After immersion
periods ranging from 7 weeks up to 37 weeks, chlo-
ride profiles were measured by means of potentiomet-
ric titrations, XRD analysis and electron probe micro
analysis. In general, chloride ions penetrate much
deeper into the mortar than sulphate ions. Neverthe-
less, chloride penetration is clearly influenced by the
presence of sulphates in the environment. Sulphate
ions compete with chloride ions to bind to aluminate
phases. Therefore, the presence of sulphates initially
increases chloride diffusion. When magnesium sul-
phate is present the formation of Mg-related reaction
products such as brucite additionally influences the
chloride penetration. Later, up to 37 weeks of immer-
sion, a decreasing chloride diffusion is noticed com-
pared to samples exposed to a single chloride solution,
due to pore blocking products of the sulphate reaction.
Contrarily, immersion periods longer than 37 weeks
in combined solutions result in increasing chloride
diffusion due to sulphate induced cracking at the
outermost layers. Notwithstanding the reciprocal
influence of chlorides and sulphates, the magnitude
of the effect of sulphate on the chloride diffusion
coefficient was limited. Chloride diffusion generally
increases with increasing temperature. The presence
of sulphates decreases chloride binding even more
significantly at 5 and 35 C than at 20 C.
Keywords Chloride  Sulphate Mortar  Concrete 
Combined attack  EPMA
1 Introduction
Marine environments containing chlorides and sul-
phates are harmful to the durability of concrete
constructions. Both attack mechanisms are very
different: chlorides affect the reinforcement steel by
initiating corrosion, and sulphates by deteriorating the
concrete itself. Since both ions are found concomi-
tantly there could be a reciprocal influence on their
attack mechanisms.
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A previous paper by the authors mainly describes
the influence of sodium chloride on the sodium
sulphate attack mechanism [1]. The current paper
focusses on the influence of sodium sulphate as well as
magnesium sulphate on the chloride diffusion.
Concerning concrete deterioration by chlorides,
chloride binding is a significant factor. The chloride
binding mechanisms are well documented and it is
found that general factors related to the concrete
composition influence the chloride binding behaviour
of cementitious materials [2–6]. One of those factors is
the possibility of chlorides to bind with hydrated
calcium aluminates, C3A. Regarding concrete degra-
dation due to sulphates, the presence of C3A is also one
of the main factors in the binding reactions [7–10]. So,
it seems that both attack mechanisms will be affected
by the competition between the chloride and sulphate
ions to bind with the aluminates in concrete.
According to literature concerning the influence of
sulphates on chloride attack, the penetration depth of
the ions varies. Chlorides penetrate deeper into the
concrete compared to other dissolved ions originating
from the seawater e.g. Mg2?, SO4
2- and Na? [11–13].
This means that the binding competition between Cl-
and SO4
2- only occurs in the outermost layers.
Notwithstanding, Ragab et al. [13] conclude that the
deterioration of concrete due to seawater attack
progresses inwards from the exposure surface with
the duration of exposure which induces progressing
chloride and sulphate penetration in function of time.
Data found by Brown and Badger [7] indicate that
the main sulphate phase (i.e. ettringite) is more
stable compared to the main chloride phase (i.e.
Friedel’s salt) when chlorides and sodium sulphate are
able to bind with C3A. This implies that more free
chlorides will be present in the concrete or mortar
exposed to solutions containing chlorides as well as
sulphates. Recently, Stroh et al. [14] found similar
reciprocal behaviour. They found a fast ingress and
binding of chloride ions by alumina, resulting in
Friedel’s salt formation. According to their research,
sulphate ions from the solution react partly with
portlandite forming gypsum and lowering the pH; due
to a lower pH value Friedel’s salt depletion is induced
and excess sulphate ions form ettringite.
In this study, accelerated tests were conducted in
the Magnel Laboratory for Concrete Research (Ghent
University) to bring new insight into the influence of
sulphates on chloride attack. This comprises diffusion
tests whereupon chloride diffusion coefficients and
binding isotherms were calculated. To study the
reaction products, XRD-analyses and EPMA analyses
were performed. The latter were performed at the
Institute of Technology and Testing of Building
Materials (Graz University of Technology).
2 Materials and methods
2.1 Mortar and cement pastes
To perform the experiments, an Ordinary Portland
Cement (OPC) mortar was used. The composition is
given in Table 1. The water-to-binder ratio (W/B) was
maintained at 0.45 by weight. The sand to binder
factor was maintained at 3 by weight.
Cylinders with a diameter of 100 mm and a height
of 50 mm were prepared and cured at 20 C and 95%
R.H. until the age of testing. In addition, cement paste
samples containing Ordinary Portland Cement (OPC)
with a W/B ratio of 0.45 by weight were used to
perform XRD-analysis.
In Table 2 the chemical composition of the Port-
land cement is shown, determined in accordance with
NBN EN 196-2, Blaine’s fineness and density of the
cement. The C3A-content for the used OPC amounts to
7.9 wt%, calculated by using the Bogue equations.
2.2 Methods
2.2.1 Diffusion test
The resistance of mortar to chlorides was evaluated
conform NT Build 443 [15]. Using combined solu-
tions next to the single chloride solution made it
possible to examine the influence of sulphates on
chloride penetration.
At the age of 28 days, the specimens were saturated
in a 4 g/l Ca(OH)2 solution, to prevent Ca
2?-leaching.
After 7–10 days of immersion in this solution, the
specimens were manually coated at the sides and the
troweling surface with a two-component epoxy coat-
ing (all sides except for the casting surface), to realize
chloride and sulphate penetration form one surface
only. The coated specimens were placed in the 4 g/
l Ca(OH)2 solution for another 7 days. Afterwards the
specimens were placed in three different test solutions
with a NaCl concentration as prescribed in NT Build
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443 [15] (Ref: 165 g/l NaCl; Comb. 1: 165 g/l
NaCl ? 50 g/l Na2SO4; Comb. 2: 165 g/l
NaCl ? 42.5 g/l MgSO4) at three different test tem-
peratures and for varying exposure times (cf. Table 1).
The sulphate/chloride ratio was chosen to be twice the
one in the North Sea, in order to find a more
pronounced effect of the sulphates on the chloride
ingress.
2.2.1.1 Chloride profile To obtain a chloride profile,
chloride concentrations were measured at different
depths. To do so, powder was collected from the
cylindrical specimens in layers of 2 mm up to a depth
of 20 mm, using a profile grinder. Acid-soluble as well
as water-soluble chlorides were extracted from the
powder. The acid-soluble chloride content gives an
indication of the total chloride content and the water-
soluble chloride content is used to estimate the free
chloride content, necessary to obtain chloride binding
isotherms.
Table 1 Experimental setup
Mortar composition
Sand 0/4 3000 g
OPC 1000 g
Water 450 g
W/B-factor 0.45
Sand/B-factor 3
Test solutions
Ref. 165 g/l NaCl (=100 g/l Cl-)
Comb. 1 165 g/l NaCl ? 50 g/l Na2SO4 (=33.8 g/l SO4
2-)
Comb. 2 165 g/l NaCl ? 42.5 g/l MgSO4 (=33.8 g/l SO4
2-)
Test setup
Exposure times (weeks) Exposure temperatures (C) Analysis
Cl- profile Isotherm XRD EPMA
7 20 ± 2.0 4 4
14 5 ± 0.4 4 4
20 ± 2.0 4 4 4
35 ± 0.6 4 4
28 20 ± 2.0 4 4 4
37 20 ± 2.0 4 4
72 20 ± 2.0 4 4
Table 2 Chemical composition, Blaine fineness, water con-
tent and density of the cement types
Content (%) CEM I 52.5 N
CaO 63.37
SiO2 18.90
Al2O3 5.74
Fe2O3 4.31
SO3 3.34
MgO 0.89
K2O 0.73
CO2 0.50
Na2O 0.47
Cl- –
Sulphide content –
Insoluble residue 0.41
Loss on ignition 1.51
Blaine fineness (m2/kg) 353
Density (kg/m3) 3122
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For the analysis, a Metrohm MET 702 automatic
titrator was used. The titration was executed with
0.01 M AgNO3.
The extraction methods are similar to those
described by Maes et al. [1, 16].
2.2.1.2 Diffusion coefficient The diffusion coeffi-
cient was calculated in accordance to the method
described in NT Build 443 [15]. The values for
surface concentration and non-steady-state diffusion
coefficient are calculated by adapting Eq. 1 to the
measured chloride profiles by applying a non-linear
regression analysis in accordance with the least
squares method.
C x; tð Þ ¼ Cs  Cs  Cið Þerf xﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
4Dnssdt
p
 
ð1Þ
where C(x, t) is the chloride concentration at depth
x and time t (wt% concrete), Ci the initial chloride
concentration (mass% concrete), Cs the chloride
concentration at the surface (mass% concrete), Dnssd
the non-steady-state diffusion coefficient (m2/s), x the
distance from the surface until the middle of the
considered layer (m) and t the exposure time (s).
It is reasonable to assume that the initial chloride
concentration Ci in Eq. 1 equaled 0%.
When the measured chloride profile does not
contain at least 6 points that cover the part of the
profile between the exposed surface and the depth with
a chloride content of Ci ? 0.03 mass%
(NT Build 443), the modelled profile will not fit the
measured chloride profile as expected. This can occur
when the samples are exposed for a long immersion
time and when the chloride concentrations are mea-
sured over only 20 mm. In that case, the measured
profile is optimized. This means that the profile is
extrapolated until the initial chloride content is
obtained.
2.2.1.3 Determinationofchloridebindingisotherms The
difference between the total chloride content and free
chloride content gives an indication of the bound
chloride content. The binding capacity is plotted as
binding isotherms. The three most well-known
binding isotherms are the Freundlich binding
isotherm, the Langmuir isotherm and the linear
binding isotherm. In this study, only the Freundlich
isotherm (Eq. 2) is used, because it describes the
binding at high concentrations better than the
Langmuir and the linear binding isotherm.
Cb ¼ aCbf ð2Þ
where a and b are empirical constants, Cb bound
chloride content (mg/g binder) and Cf free chloride
content (mol/l). To change the unit of the bound
chloride content from wt% mortar to mg/g binder
(Eq. 3), the bound chloride concentration obtained by
reducing total chloride content with free chloride
content expressed in m % mortar has to be multiplied
with 1000 and with the inverse of the binder content.
The binder content is equal to the sum of the cement,
the supplementary cementing materials and non-
evaporable water content [4].
Binder ;% ¼ wc þ ww  qdry  xm%
qdry  1
ð3Þ
wherewc is the weight of cementingmaterials for 1 m
3
mortar (kg), ww is the weight of mixing water for 1 m
3
mortar (kg), qdry is the density of dry mortar (kg/m
3)
(Table 2) and xm % is the evaporable water content
relative to the mass of dry mortar (Eq. 4).
xm ¼ Wa Wd
Wd
ð4Þ
To convert the measured chloride contents from
wt% mortar to mol/l, Eq. 5 was used.
C mol/lð Þ ¼ qdry  C wt%ð Þ
35:45 u ð5Þ
Here C (wt%) represents the total or water-soluble
chloride content relative to the mass of the mortar, qdry
is the density of dry mortar (kg/m3) and u is the open
porosity (volume%).
The open porosity is obtained by means of a
vacuum saturation test, cf. NBN EN 1936.
2.2.2 XRD-analysis
XRD analyses were performed on cement paste
samples immersed for 28 weeks in the Ref solution
as well as on samples immersed in solutions Comb. 1
and Comb. 2 in order to identify the reaction products.
To perform XRD-analysis, the samples were dried
and crushed to pass a 74 lm (mesh 200) sieve. Since
the internal standard approach was selected for
absolute phase quantification and estimation of the
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amorphous or non-identified phase content by XRD
analysis [17–19], 10 wt% of ZnO internal standard
was added. Finally, the powders were side-loaded into
the sample holders to reduce preferred orientation
effects. The XRD data were collected on a Thermo
Scientific ARL X’tra diffractometer equipped with a
Peltier cooled detector. Samples were measured in h/
2h geometry over an angular range of 5–70 2h (CuKa
radiation) using a 0.02 2h step size and 1 s/step
counting time.
Afterwards, every XRD-measurement was quanti-
tatively analysed by means of the Rietveld method for
whole-powder pattern fitting to investigate the reac-
tion product formation. Topas Academic V4.1 soft-
ware was used for Rietveld refinement [19, 20].
2.2.3 Electron probe micro-analysis
To perform electron probe micro-analysis (EPMA),
similar mortar samples were prepared as for the
determination of the chloride profiles. After a certain
immersion time, the samples were cut in half and small
cores with a diameter of 30 mm were drilled. The
specimens were cut by using diamond blade cutters,
without using water or oil to avoid the disturbance to
Cl- ions distribution inside while cutting. The cut
specimens were located at the exposed surface.
Then, they were partly fixed in a holder by means of
epoxy (no contact with the surface, to avoid distur-
bance of the Cl-) and polished. Elemental distribution
images of Al, Ca, Cl, Na, Si and S were recorded by
electron probe microanalysis (EPMA) using a JEOL
JXA-8200 Superprobe (JEOL, Tokyo, Japan). The
wavelength-dispersive analytical mode (WDX) was
used with 15 kV acceleration voltage and a beam
current of 30 nA. 512 9 1024 point analyses and a
step size of 20 lm yielded elemental distribution
mappings of 10.24 9 20.48 mm. The quantification
of the individual mappings for SO3 and Cl in wt% was
performed against mineral standards (anhydrite for
SO3 and tugtupite for Cl).
2.2.4 Statistical analysis
Statistical analyses were applied to determine whether
the means of the different test series were significantly
different from each other or not. To do so, an analysis
of variance test (ANOVA) was performed preceded by
a Levene’s test (level of significance = 0.01) to verify
the homogeneity of the variances. If equal variances
were assumed, a Student–Newman–Keuls test (S–N–
K test) or a Least Significant Difference-test (LSD
test) was used (level of significance = 0.05). In the
case that non-homogeneous variances were assumed,
a Dunnet’s T3 Post-Hoc test (level of signifi-
cance = 0.05) was performed.
3 Results
The results are always shown as an average value of 3
individual measurements with indication of the stan-
dard deviation on individual measurements, unless
mentioned differently.
3.1 Chloride profiles
3.1.1 Measured chloride profiles
In order to clarify the time dependency of the influence
of Na2SO4 or MgSO4 on Cl
- diffusion, chloride
profiles were measured for OPC M (0.45) after 14, 28
and 37 weeks of immersion in Ref., Comb. 1 and
Comb. 2. The results are shown in Fig. 1.
Figure 1 also gives an overview of the measured
total chloride profiles obtained after 14 weeks immer-
sion in different test solutions at different storage
temperatures, namely at 5, 20 and 35 C.
3.1.2 Fitted chloride profiles
To make the influence of time dependent Cl- pene-
tration in function of the SO4
2- type more clear, the
fitted profiles are plotted in function of the test solution
at different immersion times in Fig. 2.
3.2 Chloride diffusion coefficients
Table 3 gives an overview of the diffusion coefficients
and total chloride surface concentrations, respectively,
calculated by means of Eq. 1.
It should be noted that the values for the diffusion
coefficient after 37 weeks of immersion in the test
solutions are optimised. This means that the chloride
profiles are extrapolated until the chloride content is
constant in function of the layer depth. By considering
the chloride profiles in the range of 0–20 mm,
diffusion coefficients are overestimated.
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3.3 Chloride binding isotherms
The Freundlich binding isotherms after 14 weeks
and after 37 weeks, in the three different solutions
at 20 ± 2.0 C, are given in Fig. 3. The influence
of the storage temperature on chloride binding for
OPC mortar exposed for 14 weeks to Cl- solution
at 5 ± 0.4, 20 ± 2.0 or 35 ± 0.6 C was analysed
similarly (data not shown).
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Fig. 1 Measured total Cl-
profiles for OPC immersed
for 14, 28 and 37 weeks and
for 14 weeks at different
temperatures in Ref., Comb.
1 and Comb. 2
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3.4 Phase analysis
XRD analysis of the phases present in the cement paste
samples indicate following reaction products: Port-
landite, ettringite, Friedel’s salt, gypsum and brucite.
Figures 4 and 5 show quantitative results of the
Rietveld analysis, concerning the amounts of Frie-
del’s’ salt, ettringite and portlandite.
Figures 6 and 7 show EPMA mappings on an OPC
specimen exposed to a Comb. 1 and Comb. 2 respec-
tively. The analyzed area is 10 mm 9 20 mm and the
exposed surface is at the top. A mapping was
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Fig. 2 Fitted total chloride
profiles for OPC in function
of the test solutions Ref.,
Comb. 1 and Comb. 2 after
immersion for 7, 14, 28 and
37 weeks
Table 3 Chloride diffusion coefficients for OPC after immersion in Ref., Comb. 1 or Comb. 2 for 7, 14, 28 and 37 weeks at different
temperatures
7 weeks 14 weeks 28 weeks 37 weeks*
20 C 5 C 20 C 35 C 20 C 20 C
Dnssd (10
-12 m2/s)
Ref. 7.121 ± 0.88 3.196 ± 0.19 4.757 ± 0.30 6.531 ± 0.67 3.977 ± 0.46 4.706 ± 0.04
Comb. 1 7.553 ± 0.53 3.698 ± 0.78 4.444 ± 0.08 7.450 ± 0.36 3.840 ± 0.70 5.334 ± 0.11
Comb. 2 5.185 ± 0.72 1.948 ± 0.21 3.207 ± 0.28 4.890 ± 0.71 4.491 ± 0.84 3.607 ± 0.18
Cs (wt% binder)
Ref. 3.879 ± 0.15 4.116 ± 0.23 5.688 ± 0.29 4.456 ± 0.50 5.866 ± 0.06 6.489 ± 0.62
Comb. 1 3.993 ± 0.22 4.012 ± 0.08 4.296 ± 0.31 3.545 ± 0.21 4.516 ± 0.17 5.219 ± 0.10
Comb. 2 4.038 ± 0.37 4.455 ± 0.61 4.665 ± 0.26 3.984 ± 0.62 5.790 ± 0.41 7.648 ± 0.02
* Profiles optimized after 37 weeks immersion; numbers in italics point at test results obtained at temperatures deviating from 20C
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performed to visualize the chloride penetration on the
one hand and the sulphate penetration, by means of
SO3, on the other hand.
4 Discussion
4.1 Time dependency of the sulphates’ influence
on chloride diffusion
Concerning the results about the influence of sodium
sulphate and magnesium sulphate on chloride pene-
tration in concrete/mortar, the effects are cation- and
time-dependent.
Since the influence of the presence of MgSO4 on
chloride penetration in mortar is different from the
Na2SO4 effect, it is not correct to generalize the
influence of sulphate attack on the chloride diffusion
mechanism.
In general, it can be seen from Figs. 1 and 2 that all
the total Cl- profiles shift upwards in function of the
immersion time, which is in accordance with the
general assumptions concerning chloride diffusion.
The specific influence of Na2SO4 and MgSO4 on
Cl- diffusion in OPC mortar is time dependent. After
14 weeks of immersion, the addition of 33.8 g/l SO4
2-
causes a lower Cl- ingress in OPC specimens
compared to the Cl- ingress after immersion in
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Fig. 4 Friedel’s salt
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165 g/l NaCl, regardless the cation. This trend is also
found after 28 and 37 weeks of immersion when 50 g/l
Na2SO4 is added. Moreover, the shape of the profiles
clearly changes. Looking at the measured concentra-
tions in the first layers after immersion in Ref. and
Comb. 1, it seems that they do not differ significantly,
regardless the immersion time. In fact, the profiles
measured after immersion in the latter solution
become less steep in function of the time, which
explains the higher chloride diffusion coefficients
after every tested exposure time, cf. Table 3, however
they are not statistically significantly different. Con-
trarily, addition of 42.5 g/l MgSO4 results in similar
Cl- concentrations after 28 weeks of immersion and
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Fig. 6 EPMA mapping of
chloride (left) and sulphate
(right) in an OPC sample
exposed to a Comb. 1
solution for 14 weeks. The
investigated area is
10 9 20 mm and the
exposed surface is at the top
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higher chloride concentrations in the first layers after
37 weeks of immersion. Total Cl- profiles measured
after immersion in Comb. 2 indicate increasing
steepness of the profiles during the tested immersion
times, due to the higher Cl- increase in the surface
layers of the mortar compared to the increase in the
inner layers of the profiles resulting in lower diffusion
coefficients.
The first layers are the layers at depths smaller than
8–10 mm.
At early exposure periods, more specifically less
than 14 weeks, when sulphate is added to the NaCl
solution, Al-Amoudi et al. [21] found that the
concentration of chlorides in the pore solution
increases when sulphates are concomitantly present
with chlorides. This finding can be explained by the
fact that a part of the C3A will preferentially bind with
sulphates. Another factor enhancing the chloride
diffusion is the increase in alkalinity of the pore
solution due to the addition of Na2SO4, which inhibits
chloride binding [18, 19]. The here obtained chloride
binding isotherms (Fig. 3) indeed show reduced
chloride binding in samples exposed to the combined
solution compared to those exposed to the single
solution.
However, after immersion periods of 14 weeks up
to 37 weeks, lower chloride penetration and lower
diffusion coefficients are observed in combined solu-
tions compared to immersion in a single NaCl
solution, in case of added Na2SO4 as well as MgSO4.
The latter finding is in contrast with the general
assumption made in most of the literature [22–25],
namely an increase in chloride penetration when
sulphates are present. However, it is in accordance
with the findings of Zuquan et al. [26] and Tumdajski
et al. [27] who also found a decrease in chloride
ingress from chlorides originating from a combined
solution compared to chloride ingress from a single
chloride solution. Zuquan et al. [26] concluded that the
presence of sulphates reduces the chloride diffusion
coefficient and the chloride concentration by 30–60%
at exposure periods between 13 and 57 weeks. They
attribute this to gradual formation of ettringite which
leads to a densification of the microstructure and
decreases the ingress of chlorides. Furthermore,
Zuquan et al. [26] found increasing chloride
SO42-
Cl-
Fig. 7 EPMA mapping of
the chloride content (left)
and the sulphate content
(right) in an OPC sample
exposed to a Comb. 2
solution for 14 weeks. The
area is 10 9 20 mm and the
exposed surface is on top
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penetration and diffusion at longer exposure periods,
in their case exposure periods of more than 57 weeks.
In this research chloride diffusion tests were limited to
37 weeks.
The last described stage of the reciprocal influence
can be attributed to cracking due to expansive sulphate
reaction products inducing faster chloride diffusion.
Based on the increased diffusion coefficient obtained
after 37 weeks immersion in Comb. 1 compared to
shorter immersion periods, this observation of Zuquan
et al. [26] could be confirmed, however, no significant
increase in chloride penetration was measured yet.
Visually inspected concrete samples after 72 weeks
exposure to combined solutions showed some crack-
ing at the surface, which confirms Zuquan’s finding.
The analysis by means of XRD and Rietveld,
indicate the presence of Friedel’s salt in the first
20 mm of all specimens. Nevertheless, due to the
presence of sulphates in the host solution it seems that
the Friedel’s salt content tends to decrease faster in
function of layer depth than in a single chloride
solution, respectively up to 20 mm from the exposed
surface and up to 30 mm. The analysis concerning
ettringite formation indicates an increased ettringite
formation in the first 3 mm in the case of combined
attack. However, the lowest Portlandite contents in the
first 10 mm are found in the samples exposed to the
single chloride solutions although the ettringite for-
mation is lower and the Friedel’s salt content is equal
compared to the content after immersion in combined
solutions. This indicates that Portlandite reacts with
chlorides or other elements, e.g. to form CaCl2 which
can leach out [28] or induce Friedel’s salt formation on
its turn [29]. This does not occur when sulphates are
present which indicates the preferential sulphate
binding behavior of hydration products. It should be
mentioned that these analyses are performed after
28 weeks immersion only.
Furthermore, the chloride binding isotherms in
Fig. 3 indicate a different binding behaviour when the
specimens are immersed for 37 weeks compared to
14 weeks. On the one hand, after 14 weeks immersion,
binding is slightly lower when the specimens are
exposed to combined solutions compared to exposure
to the Ref. solution. On the other hand, 37 weeks
immersion in Comb. 2, results in higher chloride
binding and immersion in Comb. 1 results in lower
binding. These findings for chloride binding after 14
and 37 weeks immersion are proportional to the trends
based on chloride profiles.
According to literature, longer immersion periods
induce Friedel’s salt conversion to ettringite when
Na2SO4 is present [7, 30]. This can lead to an increase
in free chlorides and a decrease in chloride binding.
The reciprocal influences of chlorides and sulphates
is limited to the surface layers. From the EPMA
results, see Figs. 6 and 7, it can be seen that chlorides
penetrate much deeper into the cement matrix than
sulphates from the environment. This is in accordance
with De Weerdt and Geiker [12] and with Brown and
Badger [7], they also found a limited penetration depth
of SO4
2-. Although low concentrations of sulphates
are found throughout the whole depth, these are
initially present and are stemming from the cement.
In general, the EPMA measurements indicate that
the competition between chlorides and sulphates to
bind with the cement hydration products is limited
until the outermost layers.
In case MgSO4 is added to the NaCl solutions, the
occurring sulphate attack mechanisms produce an
extra reaction product with specific influences on Cl-
diffusion. Firstly, the presence of a magnesium rich
layer at the surface indicates the presence of brucite
(Mg(OH)2). The brucite layer is formed at the surface,
already after 7 weeks of immersion. In addition, an
increased Portlandite decomposition is observed in the
surface layers, which is caused by reaction product
formation such as ettringite and brucite. Moreover, the
decreased Friedel’s salt content (Fig. 4) is conform the
early age chloride binding isotherms. It can also be
seen from the EPMA analysis that the chloride content
decreases in the mass of the exposed sample. So this
brucite layer will prevent chlorides from penetrating
into the mass in large quantities, which is also found
by Santhanam et al. [31]. When the brucite layer
breaks down it gives rise to increased chloride
penetration. This phenomenon was visually observed
after 72 weeks of exposure of samples to a combined
solution of NaCl and MgSO4. Nevertheless, the
chloride increase was already measured after 37
weeks of exposure.
Furthermore, according to De Weerdt [32] and Xu
[22] magnesium induces a pH decrease and the CSH
transforms to MSH at the outermost layers. This
process gives rise to a mushy cement matrix without
crack formation although it is assumed to be more
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porous. This is also visually observed after removing
the brucite layer.
After a longer exposure period, the combination of
a vanishing brucite layer, a porous and mushy surface
layer as well as a low pH results in increasing chloride
diffusion and binding ratios. The higher chloride
diffusion rate and binding after 37 weeks exposure is
observed by means of the chloride profiles and the
binding isotherms. The fact that this effect is limited to
the outermost layers is also seen by means of the
chloride profiles.
Based on Figs. 6 and 7, the chlorides penetrate a
little bit deeper after 14 weeks exposure to a chloride
solution with added MgSO4, than in case of 14 weeks
exposure to a chloride solution with added Na2SO4,
respectively 12 and 10 mm. These observations are in
accordance with the findings of De Weerdt and
Geiker [12].
4.2 Temperature dependency of the sulphates’
influence on chloride diffusion
The experimental data clearly show the general
influence of increasing temperatures. Regardless the
composition of the test solution, chloride diffusion
coefficients increase when the temperatures increase.
Storage at a temperature of 5 ± 0.4 C results always
in lower chloride concentrations at every depth
compared to the chloride concentrations measured in
specimens stored at 20 ± 2.0 C. This is seen in
Fig. 1. Concerning higher temperatures, particularly
35 ± 0.6 C, total chloride concentrations in the
surface layers (\8–10 mm) are lower than or equal
to the chloride concentration measured after storage at
20 ± 2.0 C, regardless the storage solution. How-
ever, the chloride profiles measured after storage at
35 ± 0.6 C, are less steep than profiles measured
after storage at lower temperatures which results in
higher Cl- concentrations deeper into the specimens
([8–10 mm). So, this could imply a higher chloride
penetration. The latter is clarified by means of the
chloride diffusion coefficients, which are tabulated in
Table 3, obtained after 14 weeks of immersion.
This relation between chloride diffusion and tem-
perature is quite constant. When the temperature
increases with steps of 15 C, the diffusion coefficient
increases by factor 1.4–1.7. One exception is the
increase in chloride diffusion when the cementitious
material is exposed to Comb. 1 when the temperature
increases from 5 to 20 C. In that case the diffusion
coefficient increases with a factor 1.2. Furthermore,
statistical analyses prove that an increase in temper-
ature of 15 C leads to a significant increase of the
chloride diffusion coefficient. Again one exception,
namely the increase from 5 to 20 C when stored in
Comb. 1: the average value increases, however,
statistically the temperature increase does not lead to
a significant higher Dnssd.
The interaction of the storage temperature and the
storage solution concerning the binding behavior of
OPC is limited. At 5 ± 0.4 C specimens immersed in
Comb. 1 show the lowest chloride binding, followed
by the specimens in Comb. 2 and then Ref. At
20 ± 2.0 C specimens show rather equal binding
behavior regardless the cation associating SO4
2-,
being somewhat lower for these combined solutions in
comparison with the Ref. solution. At last, chloride
binding of OPC immersed in Comb. 1 and Comb. 2 at
35 ± 0.6 C is also similar and it is significantly lower
than chloride binding after storage in the reference
solutions.
In addition, it was seen by means of visual
inspection that the brucite layer was formed faster at
higher temperature (35 C). Nevertheless, at early
exposure periods the layer was also found at 5 C but
covering less area.
5 Conclusions
The influence of sulphates on the chloride attack
mechanism changes in function of the exposure time.
Furthermore, the specific influencing effects depend
on the cation which associates the sulphate ion.
In general, chloride ions penetrate deeper into the
mortar/concrete compared to sulphate ions. Sulphate
penetration is limited to the outermost layers (several
mm).
The effect of sulphates on chloride diffusion can be
described as follows:
• For immersion periods between 7 and 14 weeks,
chloride diffusion in Ordinary Portland cement
mortar slightly increases when the sodium sul-
phate content in the chloride containing environ-
ment increases. So, the presence of sodium
sulphate in a chloride solution aggravates the
diffusion of free chlorides at early/short exposure
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periods. This is attributed to the competition to
bind with C3A which favours binding with
sulphates.
In the presence of magnesium sulphate, chloride
diffusion is similar or slightly lower than in single
chloride environments.
• For immersion periods between 14 and 37 weeks
(assumed in literature to be up to 57 weeks) the
presence of sulphates has a positive effect on the
mortar’s resistance against chloride diffusion in
comparison with chloride diffusion after immer-
sion in solutions sulphates. More specifically,
chloride diffusion decreases compared to earlier
exposure times and in function of the environmen-
tal sulphate content. The behaviour in this stage is
caused by formation of reaction products filling up
the pores and densification which reduces perme-
ability. The main reaction products are ettringite
and in case of magnesium sulphate brucite as well.
• The last stage is observed in mortar exposed for
more than 37 (or in accordance with literature
57 weeks). From that immersion time on, chloride
diffusion starts to increase again. Cracking and
spalling due to extensive expansion or the brucite
layer that breaks down resulting in mushy and
porous surface layers induce pathways for the
chlorides to diffuse faster in the mortar.
In general, it should be remarked that the chloride
diffusion coefficients obtained in an environment
where sulphates are present do not change much
(depending on the cation and the exposure time)
compared to the diffusion coefficients obtained after
exposure to a single chloride environment.
Chloride diffusion generally increases with increas-
ing temperature. The presence of sulphates decreases
chloride binding more significantly at 5 and 35 C
than at 20 C.
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